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s u m m a r y 

Objectives: Diagnostic tests for SARS-CoV-2 are important for epidemiology, clinical management, and 

infection control. Limitations of oro-nasopharyngeal real-time PCR sensitivity have been described based 

on comparisons of single tests with repeated sampling. We assessed SARS-CoV-2 PCR clinical sensitivity 

using a clinical and radiological reference standard. 

Methods: Between March-May 2020, 2060 patients underwent thoracic imaging and SARS-CoV-2 PCR 

testing. Imaging was independently double- or triple-reported (if discordance) by blinded radiologists 

according to radiological criteria for COVID-19. We excluded asymptomatic patients and those with al- 

ternative diagnoses that could explain imaging findings. Associations with PCR-positivity were assessed 

with binomial logistic regression. 

Results: 901 patients had possible/probable imaging features and clinical symptoms of COVID-19 and 429 

patients met the clinical and radiological reference case definition. SARS-CoV-2 PCR sensitivity was 68% 

(95% confidence interval 64–73), was highest 7-8 days after symptom onset (78% (68–88)) and was lower 

among current smokers (adjusted odds ratio 0.23 (0.12–0.42) p < 0.001). 

Conclusions: In patients with clinical and imaging features of COVID-19, PCR test sensitivity was 68%, and 

was lower among smokers; a finding that could explain observations of lower disease incidence and that 

warrants further validation. PCR tests should be interpreted considering imaging, symptom duration and 

smoking status. 

© 2021 The British Infection Association. Published by Elsevier Ltd. All rights reserved. 
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Diagnostic tests for severe acute respiratory syndrome 

oronavirus-2 (SARS-CoV-2) are important for clinical management 

nd infection control. Detection of SARS-CoV-2 viral ribonucleic 

cid (RNA), using real time polymerase chain reaction (PCR) from 

aso- and oropharyngeal samples, is the principal method for 

iagnosing current infection. 1 Limitations in the sensitivity of PCR 

ssays have been described based on the comparison of a single 
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est with serial repeated sampling. 2 A pooled sensitivity of 88% 

rom a single test relative to multiple sampling was described in 

 recent meta-analysis of 16 studies. 3 This finding has implica- 

ions for clinical care and infection control procedures in hospital 

ettings and for epidemiological estimates that rely upon PCR 

esting. 2 In view of this, in addition to repeated sampling, tho- 

acic imaging has been proposed as a complementary diagnostic 

trategy for individuals presenting with compatible symptoms in 

 pandemic setting. 4 , 5 Characteristic radiological features have 

een described, including multifocal ground glass opacification, 

onsolidation with a peripheral, subpleural distribution and pro- 

ression to confluent consolidation with an acute respiratory 

istress syndrome- (ARDS) like pattern. 4 , 6 Computed tomography 
eserved. 
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CT) has a higher sensitivity relative to plain chest X-ray (CXR) for 

licitation of these features. 7 Evaluation of the diagnostic perfor- 

ance of PCR assays is required to inform infection prevention 

nd disease control, clinical management and epidemiological 

stimates which rely on PCR-confirmed cases. 

We aimed to estimate the clinical sensitivity of rtPCR testing 

rom naso-oropharyngeal samples using a clinical and radiologi- 

al case definition among hospitalised patients presenting to an 

cute tertiary hospital in England during the first pandemic wave 

f coronavirus disease of 2019 (COVID-19). Our secondary objective 

as to describe the patient characteristics associated with SARS- 

oV-2 PCR positivity among patients meeting a clinical and radio- 

ogical reference standard. 

aterials and methods 

nclusion and exclusion criteria 

All patients attending our hospital and who underwent testing 

or SARS-CoV-2 between 13 th March 2020 to the 18 th May 2020 

ere considered for this analysis. The start was chosen as the date 

hat Public Health authorities in the United Kingdom recognised 

 generalised pandemic and criteria for PCR testing no longer re- 

uired a history of travel from an epidemic area or contact with a 

onfirmed case. Patients underwent testing for SARS-CoV-2 accord- 

ng to criteria defined by Public Health England (Appendix 1). In 

rief, any patient admitted to the hospital with respiratory symp- 

oms (cough, hoarseness, nasal discharge or congestion, shortness 

f breath, sore throat, wheezing or sneezing), fever ( ≥37.8 °C) or 

adiological evidence of pneumonia or ARDS was eligible for SARS- 

oV-2 testing. CXR was routinely performed for all patients report- 

ng respiratory symptoms. The decision to perform additional tho- 

acic imaging was at the discretion of the treating clinician. We in- 

luded patients in the analysis of the diagnostic sensitivity of PCR 

esting if SARS-CoV-2 testing was performed within seven days of 

he first CXR or CT meeting study radiological criteria for COVID- 

9 (Appendix 2). Patients were eligible for inclusion if they re- 

orted symptoms compatible with COVID-19, including respiratory, 

astrointestinal or systemic symptoms (Appendix 3) 8 . We excluded 

atients with a non-COVID-19 clinical diagnosis which could repre- 

ent an alternative cause of radiological findings, and patients who 

ere asymptomatic, for whom imaging findings were incidental. 

We used a scoring system for COVID-19 for thoracic computed 

omography (CT) 6 , and modified British Society for Thoracic Imag- 

ng (BSTI) definitions for chest X-ray (CXR) 9 as radiological criteria 

or COVID-19 (Appendix 2). Lung ultrasound findings were not con- 

idered in this analysis. All thoracic imaging and radiological re- 

orts were retrieved from the hospital picture archiving and com- 

unications system. The primary clinical reports assessed the like- 

ihood of COVID-19 using BSTI criteria as standard departmental 

ractice. Patients with thoracic imaging reported as normal or with 

o imaging features compatible with COVID-19 in their first report 

ere excluded from further analysis. We randomly selected a sam- 

le of 20% from this group for repeat reporting to evaluate the po- 

ential for misclassification. All patients with intermediate/possible 

r high probability of COVID-19 on the first radiology reporting un- 

erwent second reporting by a study consultant radiologist. Partic- 

pants whose first and second reports were discordant underwent 

hird reporting by a third consultant radiologist sub-specialising in 

nfectious disease or thoracic imaging to adjudicate discordance. 

tudy radiologists were blinded to clinical details and SARS-CoV- 

 PCR test results and reported imaging on the basis that patients 

ad suspected COVID-19. 

CXR inclusion criteria, based on BSTI criteria (version 2.0), were 

ne of: 
261 
i multi-focal, peripheral ground glass opacification or consolida- 

tion, with or without reticular opacification or linear atelecta- 

sis; 

ii single, unilateral peripheral ground glass opacity; 

iii widespread bilateral airspace consolidation in a pattern consis- 

tent with acute respiratory distress syndrome (ARDS) 

Exclusion criteria included single lobar or segmental consolida- 

ion. 

CT inclusion criteria, based on COVID-19 Reporting and Data 

ystem (CO-RADS) 4 (high level of suspicion) or 5 (very high level 

f suspicion), are described in Appendix 2. 4 We excluded patients 

here CT images demonstrated lobar pneumonia, cavitating infec- 

ion or tree in bud changes. 

We collected anonymised data on the age, sex, presenting com- 

laint, past medical history and outcomes of patients who met ra- 

iological criteria from hospital electronic medical records. Symp- 

om onset was defined as the patient-reported date of the first 

ecorded symptom. The study was conducted according to Stan- 

ards for Reporting Diagnostic Accuracy Studies 2015 and QUADAS- 

 criteria. 10 , 11 

aboratory investigations 

Real time PCR of nose and throat swabs was performed us- 

ng a commercial CE-marked in vitro diagnostic assay (Viasure 

ARS-CoV-2, Biotec, Spain), which detects two conserved target se- 

uences in the SARS-CoV-2 open reading frame (ORF)-1ab and N 

enes. Extraction of nucleic acid was performed using the auto- 

ated QIAsymphony platform (Qiagen, Germany). An internal con- 

rol and negative controls were included on each plate. Detection 

f PCR amplification at < 38 cycle thresholds in either target with 

 satisfactory amplification curve using a Lightcycler 480 (Roche 

iagnostics, Switzerland) was considered a positive test, subject 

o adequate performance of controls, in accordance with manufac- 

urer instructions. 

tatistical analysis 

Agreement between radiological reports was calculated using 

ohen’s kappa, based on blinded independent radiologists agree- 

ng on the patient meeting study radiological criteria (ie. grouped 

STI criteria for CXR or CO-RADS 4 or 5 for CT images). To com- 

are PCR positive and negative patients we used Wilcoxon rank- 

um test for comparison of ordinal and continuous data and Pear- 

on Chi-squared or Fisher’s exact tests for categorical data as ap- 

ropriate. We calculated adjusted p values for multiple hypothesis 

esting of symptoms and comorbidities using a univariable logis- 

ic regression model with Benjamini and Hochberg false discovery 

orrection as implemented in the Stata package qqvalue . 12 We cal- 

ulated the sensitivity of nasopharyngeal rtPCR by comparing with 

he reference definition. We used multivariable logistic regression 

o examine factors associated with a positive PCR result among 

atients meeting the clinical and radiological case definition. Vari- 

bles were selected for model inclusion based on a priori selection 

or relevance, comprising the interval between symptom onset and 

CR testing and participant age, or based on evidence of possible 

ignificance among symptoms and comorbidities ( p < 0.20 after 

alse discovery correction) aiming to minimise model Akaike and 

ayesian information criterion. We tested models using a restricted 

ubic spline variable with four knots for duration of symptoms. The 

ffect of PCR positivity on survival was assessed using a multivari- 

ble Cox proportional hazards model, right-censoring outcomes at 

8 days, using the Effron method for ties. Statistical analysis was 

erformed in Stata v16.1 (College Station, TX, USA). 
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Fig. 1. Flowchart of included patients in study of SARS-CoV-2 PCR sensitivity a Clinical reasons for exclusion, representing alternative aetiologies for imaging findings 

reported as high probability of COVID-19 ( n = 15), comprised: pulmonary oedema due to cardiac failure ( n = 7), aspiration pneumonia ( n = 5), massive transfusion following 

haemorrhage ( n = 1), interstitial lung disease ( n = 1), anti-glomerular basement membrane lung disease ( n = 1). 
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thical approval 

We analysed anonymised, routinely collected clinical data for 

his study. The study was approved as a quality improvement 

roject by the hospital audit governance committee. In accordance 

ith guidance from the National Health Service Health Research 

uthority in effect during this study, a requirement for individual 

atient consent was waived. 

esults 

Between 13 th March and 18 th May 2020, 2060 patients had 

horacic imaging and PCR testing for SARS-CoV-2 ( Fig. 1 ). We ex- 

luded 1090 patients who had no imaging features compatible 

ith COVID-19 on their primary radiological report, and 69 pa- 

ients who had an interval between imaging and PCR testing ex- 

eeding 7 days ( n = 34), were asymptomatic 20 or who had an alter-

ative diagnosis to explain the observed imaging features 15 , prin- 

ipally cardiac failure 7 , aspiration pneumonia 5 , or other diagnoses 
262 
s listed in Fig. 1 . A study radiologist (EJ) reviewed a randomly se- 

ected sample of imaging from 20% of patients excluded based on 

he first radiology report, and no cases compatible with COVID-19 

ere observed. A total of 2123 thoracic imaging studies were re- 

orted a second time by study radiologists, comprising 1823 CXRs 

nd 300 CT studies among the 901 remaining patients with a me- 

ian of 2 images (interquartile range (IQR) 1, 3) per patient. Agree- 

ent between the first and second independent reports occurred 

or 75.4% of patients; the kappa statistic was 0.51, indicating mod- 

rate agreement. Among patients with discordant first and sec- 

nd reports, (222/901 (24.6%)), a third report from an indepen- 

ent study radiologist with infectious diseases or thoracic imaging 

ubspecialty expertise adjudicated the imaging met the study ra- 

iological criteria for COVID-19 in 76/222 (34.2%). Overall, 429 pa- 

ients met our radiological and clinical criteria for COVID-19 and 

ere included in the study ( Fig. 1 ). 

Among 429 included patients, 293 were SARS-CoV-2 RNA PCR 

ositive. Median age was 67 (IQR 55, 78) and 172 (40.1%) were 

emale. Characteristics of included patients are shown in Table 1 , 
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Table 1 

Characteristics of demographic data and investigations of included patients, stratified by SARS-CoV-2 PCR result. 

Characteristics All included patients n = 429 

Positive SARS-CoV-2 PCR 

test n = 293 

Negative SARS-CoV-2 PCR 

test n = 136 P value 

Age (median), years 67 (55, 78) 69 (57, 79) 63 (51, 76) 0.005 

< 40 33 (7.7) 17 (5.8) 16 (11.8) 0.03 

40-59 116 (27.0) 74 (25.3) 42 (30.9) 

60-79 195 (45.5) 141 (48.1) 54 (39.7) 

≥80 85 (19.8) 61 (20.8) 24 (17.7) 

Sex, female 172 (40.2) 115 (39.3) 57 (41.9) 0.60 

Duration of symptoms at admission, days 7 (2,12) 7 (2,11) 7 (2,14) 0.83 

Community onset 387 (90.2) 266 (90.8) 121 (89.0) 0.22 

Indeterminate/probable hospital acquired 24 (5.6) 13 (4.4) 11 (8.1) 

Definite hospital acquired 18 (4.2) 14 (4.8) 4 (2.9) 

Duration of symptoms at time of PCR test, days a 7 (3,13) 7 (3,12) 7 (3,14) 0.77 

< 3 days 83 (19.4) 55 (18.8) 28 (20.6) 0.27 

4-7 days 96 (22.4) 65 (22.2) 31 (22.8) 

8-14 days 146 (34.0) 108 (36.9) 38 (27.9) 

> 14 days 104 (24.2) 65 (22.2) 39 (28.7) 

SARS-CoV-2 PCR testing 

Interval between imaging and PCR test a , hours 3.2 (0.9, 15.1) 3.3 (1.0, 18.8) 3.2 (0.9, 14.5) 0.62 

Number of PCR tests performed 1 (1,2) 1 (1,2) 1 (1,2) 0.72 

1 test 238 (55.5) 169 (57.7) 69 (50.7) 0.80 

2 tests 101 (23.5) 54 (18.4) 47 (34.6) 

3 or more tests 90 (21.0) 70 (23.9) 20 (14.7) 

Radiological imaging 

CXR only 310 (72.3) 225 (76.8) 85 (62.5) 0.002 

CT imaging 119 (27.7) 68 (23.2) 51 (37.5) 

Number of CXR images 2 (1,3) 2 (1,3) 1 (1,2) < 0.001 

Number of CT imagesb 1 (1,1) 1 (1,1) 1 (1,1) 0.64 

Abnormal imaging findings 

Unilateral 54 (12.6) 32 (10.9) 22 (16.2) 0.13 

Bilateral 375 (87.4) 261 (89.1) 114 (83.8) 

CT CORADS scorec 

4: high probability 38 (34.6) 16 (27.1) 22 (43.1) 0.08 

5: very high probability 72 (65.5) 43 (72.9) 29 (56.9) 

a If multiple PCR tests were obtained, we used the PCR test closest to the first imaging that was reported as “highly probable” for COVID-19 for calculating intervals. 
b Among 124 individuals who underwent CT thoracic imaging. c CO-RADS score are shown for 110/119 individuals with CT imaging who met CT criteria for inclusion; the 

remaining 9 patients met inclusion criteria based on subsequent CXR findings 
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tratified by SARS-CoV-2 PCR result. Age and gender distribution 

ere similar among patients regardless of PCR result ( Table 1 ). No 

ifference was observed in duration of symptoms at admission or 

t PCR testing, interval between PCR testing and imaging, the num- 

er of PCR tests conducted, or whether symptom timing indicated 

ommunity or hospital onset ( Table 2 ) between patients based on 

CR result. PCR-negative patients were more likely to have had 

horacic CT imaging (37.5% vs 23.2% for PCR positive). 

Among patients meeting our clinical and radiological criteria for 

OVID-19, PCR sensitivity was 68.3% (95 CI 63.9–72.7). Subgroup 

nalysis showed that sensitivity was related to duration from on- 

et of symptoms, increasing from 66.3% (95% CI 55.9–76.7) at < 3 

ays, to peak at 77.9% (95% CI 67.8–88.1) at 7-8 days after symp- 

oms onset, before falling again in the second week ( Fig. 2 and 

 ), though with overlapping confidence intervals. Younger patients 

ad a lower PCR sensitivity (51.5% among < 40 years vs 71.8% 

mong those ≥80 years) and sensitivity appeared higher among 

atients with bilateral imaging findings, although this was not a 

tatistically significant finding. Current smokers were observed to 

ave lower sensitivity relative to never or former smokers (36.8% 

s 73.1%, p < 0.001) ( Fig. 2 ). Sensitivity correlated with calendar 

ate and the frequency of COVID-19 cases meeting our study defi- 

ition and PCR positive cases (Supplementary appendix 4). 

No difference in the pattern of reported symptoms was ob- 

erved between PCR positive and PCR negative individuals, after 

alse discovery rate (FDR) correction for multiple hypothesis test- 

ng ( Table 2 ). PCR-positive patients were more likely to have come 

rom a nursing or residential home relative to PCR-negative pa- 

ients and were less likely to be a current smoker. PCR-positive 
263 
atients were more likely to have chronic heart disease, chronic 

eurological disease and to be immunocompromised; only an as- 

ociation with heart disease persisted after FDR correction. No dif- 

erence in clinical frailty score or rates of do not resuscitate or- 

ers were observed. PCR-positive patients had increased disease 

everity, with a greater proportion receiving oxygen (86.4 vs 70.0%, 

 < 0.001), being admitted to critical care (18.1% vs 5.9%, p = 0.001) 

nd receiving invasive ventilation (17.8% vs 2.2%, p < 0.001). The 

aplan Meier cumulative incidence of mortality at 28 days was in- 

reased among PCR-positive patients (41.6% vs 27.4, p = 0.009 (Log- 

ank test). On univariable Cox proportional hazards analysis, mor- 

ality at 28 days was increased among PCR-positive patients (haz- 

rd ratio 1.62 (95% 1.12–2.34, p = 0.01), but following adjustment 

or age, smoking status and comorbidities, no difference in mortal- 

ty rate was observed among PCR-positive, relative to PCR-negative 

atients ( Table 3 ). 

By multivariable logistic regression, after adjustment for age 

nd the duration of symptoms, an increased odds of PCR positiv- 

ty was associated with an increasing number of comorbidities and 

hose requiring oxygen therapy, whereas lower odds of PCR pos- 

tivity was independently associated with current smoking (odds 

atio 0.23 (95% CI 0.12–0.42), p < 0.001) ( Table 4 ). The associa-

ion between current smoking and PCR result persisted in a second 

odel after adjusting for potential confounders including chronic 

bstructive pulmonary disease (COPD), chronic heart disease and 

ther respiratory disease (aOR 0.25 (95% CI 0.13 – 0.50, p < 0.001) 

Model 2, Table 4 ) and no interaction between smoking and PCR- 

ositive rate or calendar date was observed (Supplementary ap- 

endix 4). 
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Table 2 

Symptoms at presentation, comorbidities and outcomes stratified by SARS-CoV-2 PCR result among patients with a high probability of COVID-19 based on clinical and 

radiological criteria 

Characteristics n (%) 

Positive SARS-CoV-2 PCR test 

n = 293 

Negative SARS-CoV-2 PCR test 

n = 136 P value 

Benjamini-Hochberg 

adjusted P value a 

Symptoms 

Systemic symptoms 218 (74.4) 91 (66.9) 0.11 

Fever 190 (64.9) 76 (55.9) 0.08 0.22 

Rigor 15 (5.1) 6 (4.4) 0.75 0.83 

Myalgia 48 (16.4) 16 (11.8) 0.21 0.45 

Headache 22 (7.5) 14 (10.3) 0.33 0.50 

Lethargy 79 (27.0) 40 (29.4) 0.60 0.77 

Respiratory symptoms 260 (88.7) 119 (87.5) 0.71 

Shortness of breath 196 (66.9) 94 (69.1) 0.65 0.78 

Sore throat 22 (7.5) 6 (4.4) 0.23 0.45 

Cough 215 (73.4) 93 (68.4) 0.29 0.47 

Chest pain 33 (11.3) 26 (19.1) 0.03 0.11 

Gastrointestinal symptoms 94 (32.1) 44 (32.4) 0.96 

Abdominal pain 16 (5.5) 16 (11.8) 0.02 0.11 

Anorexia 38 (13.0) 4 (2.9) 0.001 0.05 

Nausea 22 (7.5) 11 (8.1) 0.83 0.83 

Diarrhoea 47 (16.0) 28 (20.6) 0.25 0.45 

Vomiting 32 (10.9) 23 (16.9) 0.08 0.22 

Anosmia 9 (3.1) 6 (4.4) 0.48 0.67 

Falls 22 (7.5) 2 (1.5) 0.01 0.11 

Collapse 9 (3.1) 11 (8.1) 0.02 0.11 

Acute confusion 46 (15.7) 20 (14.7) 0.79 0.79 

Number of symptoms 

reported, median (IQR) 

4 (3,5) 3 (3,5) 0.63 

Usual residence 

Own home 205 (71.4) 114 (83.8) 0.04 

Own home with social care 39 (13.6) 13 (9.6) 

Residential home 9 (3.1) 2 (1.5) 

Nursing home 34 (10.5) 7 (5.2) 

Smoking status 

Never smoked 153 (56.5) 61 (46.6) < 0.001 

Ex-smoker 97 (35.8) 34 (26.0) 

Current smoker 21 (7.8) 36 (27.5) 

Comorbidities 

Number of comorbidities, 

median (IQR) 

2 (1,3) 2 (1,3) 0.01 

Chronic heart disease 91 (31.1) 19 (14.0) < 0.001 0.004 

Peripheral vascular disease 14 (4.8) 2 (1.5) 0.09 0.28 

COPD 44 (15.0) 24 (17.6) 0.49 0.61 

Asthma 37 (12.6) 14 (10.3) 0.49 0.61 

Other respiratory disease 16 (5.5) 6 (4.4) 0.65 0.69 

Diabetes mellitus type 1 3 (1.0) 0 (0) 0.56 

Diabetes mellitus type 2 82 (28.0) 30 (22.1) 0.19 0.32 

Hypertension 125 (42.7) 42 (30.9) 0.02 0.09 

Obesity 58 (19.8) 30 (22.1) 0.59 0.68 

Dementia 34 (11.6) 10 (7.4) 0.18 0.32 

Chronic neurological disease 47 (16.0) 10 (7.4) 0.01 0.09 

Active malignancy 25 (8.5) 18 (13.2) 0.13 0.29 

Chronic liver disease 12 (4.1) 8 (5.9) 0.41 0.61 

Chronic renal disease 40 (13.7) 10 (7.4) 0.06 0.19 

Haemodialysis 7 (2.4) 0 (0) 0.07 

Immunocompromised 19 (6.5) 18 (13.2) 0.02 0.09 

Rheumatological disease 15 (5.1) 6 (4.4) 0.75 0.75 

Pregnancy 2 (0.7) 0 (0) 0.33 

Clinical Frailty Score 3 (2,6) 3 (2,5) 0.25 

Do not resuscitate order 

implemented 

165 (56.3) 67 (49.3) 0.17 

Outcomes 

Received oxygen 253 (86.4) 95 (70.0) < 0.001 

Maximum oxygen 

concentration (%) b 
40 (32, 80) 34 (21, 60) 0.002 

Critical care admission 53 (18.1) 8 (5.9) 0.001 

Non-invasive ventilation 21 (7.2) 11 (8.1) 0.74 

Invasive ventilation 52 (17.8) 3 (2.2) < 0.001 

Cumulative incidence of 

mortality at 28 days 

(% (95% CI) c 

41.6 (36.2-47.5) 27.4 (20.7-35.7) 0.009 

a Adjusted P value for multiple hypothesis testing of 18 symptoms and 15 co-morbidities respectively using univariate logistic regression with Benjamini-Hochberg false 

discovery corrected P values. b Maximum oxygen concentration received among patients treated with supplemental oxygen therapy. c Cumulative mortality incidence from 

Kaplan-Meier analysis, p-value is log-rank test. 

264 
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Fig. 2. Clinical sensitivity of SARS-CoV-2 PCR relative to clinical and radiological reference standard, stratified by subgroups. 

Fig. 3. : Predicted sensitivity of PCR test according to duration of symptoms a 

a Prediction plot of PCR positivity using four-knot restricted cubic spline for duration of symptoms at time of PCR testing. Knots were introduced at 0, 5, 10 and 22 days. 

Shaded area represents 95% confidence intervals. 
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Table 3 

Cox-proportional hazards model: associations between PCR positivity and 28-day survival. 

Model Analysis Hazard ratio (95% CI) P value 

1 Univariable: PCR positive, vs PCR negative patients 1.62 (1.12 – 2.34) 0.01 

2 Model 1, adjusted for age 1.34 (0.93 – 1.94) 0.12 

3 Model 1, adjusted for age and smoking status 1.30 (0.89 – 1.89) 0.17 

4 Model 1, adjusted for age, smoking status and number of comorbidities 1.20 (0.82 – 1.76) 0.34 

Table 4 

Multivariable binomial logistic regression model for a positive SARS-CoV-2 PCR result among patients meeting a clinical and 

radiological reference standard for COVID-19 a 

Model 1 Model 2 

Characteristic Odds ratio (95% CI) P value Odds ratio (95% CI) P value 

Age, per year 1.00 (0.99 – 1.02) 0.54 1.00 (0.99 – 1.02) 0.59 

Duration of symptoms at time of PCR testing b 0.21 0.20 

3 days Reference Reference 

5 days 1.09 (0.89 – 1.35) 1.14 (0.92 – 1.41) 

7 days 1.13 (0.88 – 1.45) 1.22 (0.93 – 1.62) 

9 days 1.08 (0.46 – 2.55) 1.25 (0.86 – 1.80) 

14 days 0.76 (0.01 – 56.8) 1.14 (0.63 – 2.06) 

Number of comorbidities, per additional comorbidity 1.22 (1.04 – 1.43) 0.02 

Current, vs never or ex-smoker 0.23 (0.12 – 0.42) < 0.001 0.25 (0.13 – 0.50) < 0.001 

Received oxygen therapy 1.90 (1.10 – 3.27) 0.02 1.89 (1.09 – 3.29) 0.02 

COPD 0.95 (0.48 – 1.88) 0.89 

Other respiratory disease 0.77 (0.27 – 2.17) 0.62 

Chronic heart disease 2.87 (1.51 – 5.44) 0.001 

a Model 1 adjusted for age, duration of symptoms, number of comorbidities, smoking and receipt of oxygen therapy (as a marker 

of disease severity). Model 2 adjusted for additional confounders associated with smoking comprising COPD, chronic heart disease 

and respiratory disease. b A cubic spline for duration of symptoms at time of testing with four knots was included in the model. 

P value presented for this variable is the Wald likelihood test comparing a model including the cubic spline variable with one 

without it. 
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onclusions 

During the first peak of the COVID-19 pandemic, among hospi- 

alised patients meeting a combined clinical and radiological defi- 

ition of COVID-19, with imaging features of COVID-19 pneumonia, 

n oro-nasopharyngeal SARS-CoV-2 PCR test had an overall clini- 

al sensitivity of 68%. The study was conducted in the setting of 

 high pre-test probability of disease during the first wave of the 

andemic when COVID-19 dominated the overall hospital popula- 

ion. Our findings have implications for clinical management and 

or infection control. Clinicians should carefully consider PCR test 

esults in the context of the limitations of test sensitivity and in 

iew of the local epidemiology, the clinical syndrome, duration of 

ymptoms and radiological findings before deciding on isolation 

nd clinical management, and should avoid diagnostic anchoring 

ased on PCR test results alone. 

We observed a relationship between PCR sensitivity in the case 

opulation and time from symptom onset, with sensitivity high- 

st between 7-8 days following symptom onset and declining in 

he second week of symptoms, although confidence intervals over- 

apped. Our findings are in keeping with a meta-analysis of studies 

f serial repeated PCR testing where the estimated median false- 

egative rate (equivalent to 100-sensitivity) was 38% (95% CI 18- 

5) on the day of symptom onset, decreasing to 20% (95% CI 12–

0) by day 8 and increasing again to 66% (95% CI 54–77) at day 

1. 13 By contrast an individual patient data meta-analysis of 32 

tudies which reported serial repeated testing, estimated that the 

ighest PCR sensitivity was found at 0–4 days post-symptom onset 

89% 95% CI 83–93), declining to 81% at 0–4 days post-hospital ad- 

ission, and was 54% (73–87) at 10-14 days after onset. 14 As with 

ther studies reporting routinely collected data, the relationship 

e observed between test sensitivity and the timing of sample col- 

ection relative to symptom onset is subject to ascertainment bias, 

ince testing schedules were clinically driven and not standardised; 

easurement of early test sensitivity was limited to the subgroup 
266 
f patients presenting soon after symptom onset, whose character- 

stics might differ from those presenting at a later stage. The over- 

ll evidence shows that PCR sensitivity declines beyond the second 

eek after symptom onset and this is an important consideration 

or test interpretation. We did not observe important differences 

n the timing or quantity of PCR testing between PCR positive and 

egative groups, suggesting that heterogeneity in PCR sensitivity in 

ur study was not driven by differences in testing schedules. 

Our use of a combined clinical and radiological reference stan- 

ard may offer some advantages over studies using serial repeated 

esting to understand test sensitivity, since patients may remain 

epeatedly PCR negative from the point of presentation to hospital, 

nd such studies are likely to underestimate the true rate of false 

egatives(2). We carefully excluded patients with subtle early ra- 

iological features, thus our findings represent only the subgroup 

f patients with the most classical findings of COVID-19. We found 

hat PCR sensitivity was particularly low among smokers, a find- 

ng robust to adjustment for the presence of potential associated 

iseases that could represent confounders including COPD, other 

espiratory disease and heart disease. Multiple studies have high- 

ighted an apparent protective effect of current smoking on sus- 

eptibility to COVID-19 disease including large population stud- 

es of general practitioner records from the UK. 15 , 16 In a meta- 

nalysis including 55 studies, the relative risk for COVID-19 disease 

mong smokers relative to never-smokers was 0.74 (95% credible 

nterval 0.58-0.93). 15–19 By contrast, among hospitalised COVID-19 

atients, more severe disease has been described among smok- 

rs. 20 , 21 Our finding of reduced PCR sensitivity could represent a 

ompelling explanation for the surprisingly lower rates of disease 

bserved among smokers. The mechanism for such a finding is un- 

lear, but could relate to disruption of ciliary function, upregula- 

ion of ACE2 receptors among smokers, which are the entry recep- 

or for SARS-CoV-2, and dysregulation of cytokine responses and 

eutrophil trafficking, potentially reducing viral load in the up- 

er airway. 22 , 23 The effect size of smoking is striking, and unex- 
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ected, and it is possible that bias or confounding is contributing 

o our estimate. Smokers, for example, may be more likely to have 

ung disease that is misclassified as COVID-19. We addressed this 

ypothesis via adjustment for potential confounders and by seek- 

ng a time-dependent effect of smoking on PCR sensitivity, which 

ould be expected if there was significant misclassification of non- 

OVID-19 X-rays as COVID-19 incidence changed though the course 

f the pandemic. The strong association of smoking with reduced 

CR sensitivity persisted in both analyses. Nevertheless our find- 

ngs should be interpreted with caution and warrant further vali- 

ation in other centres but do suggest that smoking status should 

e taken into consideration when interpreting PCR test results. We 

bserved a higher rate of PCR sensitivity among the sickest pa- 

ients, with higher rates of oxygen therapy, critical care admission, 

nvasive ventilation and death among PCR positive, relative to PCR 

egative patients. This is in keeping with previous data showing a 

orrelation between SARS-CoV-2 viral load and increased markers 

f inflammatory response and disease severity. 24 , 25 

Real time PCR is a highly sensitive diagnostic modality, capa- 

le of detecting small quantities of viral genetic material in vitro. 

n a recent external quality assessment of 68 laboratories in 35 

ountries laboratories, the test kit we employed in this study had 

quivalent sensitivity to a range of other commercial assays. 26 Pu- 

ative mechanisms for the heterogeneity in clinical sensitivity that 

e observed include biological processes, including the influence 

f comorbidities and immunological factors on viral shedding, and 

esidual confounding by variation in sampling technique. 3 

The lack of an established reference test for COVID-19 necessi- 

ates caution interpreting studies that compare diagnostic modal- 

ties. 3 Studies assessing the diagnostic performance of thoracic 

maging have often used PCR testing as a reference standard, re- 

ulting in suggestions that CT or plain radiography lack specificity, 

hereas limitations in the PCR standard could cause misleading 

nterpretations about the specificity of imaging findings. 27 Inter- 

bserver kappa in our study was 0.51, with agreement in 75.4% 

f patients. Our findings are consistent with studies of radiologists 

eviewing chest CT imaging. 4 The finding of moderate agreement 

ormed the basis for our decision to include a third tier of spe- 

ialist radiologists to evaluate discordant cases. In a recent analy- 

is of the BSTI criteria for COVID-19 reporting, among a sample of 

XRs from patients with COVID-19 pneumonia and historical im- 

ges from patients with symptoms consistent with COVID prior to 

he emergence of the virus, test specificity was 100%, and sensi- 

ivity 44%, providing evidence that these radiological criteria can 

dentify COVID-19 disease with high specificity. 28 

Our study had several strengths. We considered the real-world 

linical sensitivity of PCR testing, carefully considered clinical ex- 

lusion criteria, and applied rigorous radiological reporting, with 

eview of acquired thoracic imaging by up to three independent 

xpert radiologists. The main limitation of this study, in common 

ith all diagnostic evaluation studies for COVID-19, was the lack of 

n authoritative reference standard. We created a combined clin- 

cal and radiological standard in a pandemic context that repre- 

ented the combination of a clinical presentation consistent with 

OVID-19 with radiological features that were highly suggestive of 

OVID-19 disease. It is thus notable that the estimated sensitiv- 

ty of PCR testing in this study applies only to this highly selected 

opulation with unambiguous radiological features of COVID-19 

nd does not apply to the wider population with COVID-19 disease 

ncluding pauci-symptomatic patients or those with more subtle 

adiological changes. We attempted to mitigate information bias by 

linding study radiologists to the clinical presenting features and 

CR results, and had two, or in the event of discordance, three, 

ndependent radiologists reviewing thoracic imaging. It is possi- 

le that our case definition resulted in misclassification, leading 

o impaired specificity of the radiological case definition and re- 
267 
orting a falsely low PCR test sensitivity. We aimed to minimise 

isclassification wherever possible by, independently from study 

adiologists and imaging findings, reviewing the clinical presenta- 

ion of patients, excluding patients who by the time of discharge or 

eath had an alternative diagnosis that might represent the cause 

f imaging findings or were asymptomatic. It is notable that the 

ommonest clinical presentation showing features that radiologists 

riginally interpreted as COVID-19 were pulmonary oedema from 

ardiac failure and aspiration pneumonia, followed by interstitial 

ung disease or pulmonary haemorrhage, which represent impor- 

ant differential diagnoses. 29 At the time of this study, CT was of- 

en used in situations where the clinical team had a high clini- 

al suspicion of COVID-19, yet PCR testing was negative. As such, 

ower PCR sensitivity was observed among people who underwent 

T imaging; this was a pre-selected population who in most cases 

ad already had an absence of classical findings on chest X-ray and 

 negative PCR result, leading to further diagnostic pursuit. It is 

ikely that the true sensitivity of SARS-CoV-2 PCR testing lies be- 

ween the result observed in this study and that observed in stud- 

es which compare a single test with repeated sampling. Future 

tudies should consider the use of latent class analysis to trian- 

ulate serology, PCR sampling and imaging, ideally systematically 

mploying CT imaging to better understand the true performance 

haracteristics of diagnostic assays by synthesis of multiple imper- 

ect tests. 30 

In conclusion, using a combined clinical and radiological refer- 

nce test in the setting of a high probability of COVID-19 during 

he first peak of the pandemic, we observed SARS-CoV-2 PCR clin- 

cal sensitivity of 68%. Clinicians should carefully consider the lim- 

tations of this diagnostic test, particularly in a setting where the 

re-test probability is high and should avoid premature diagnos- 

ic closure on the basis of PCR testing alone. Interpretation of the 

est result should take into account the latest locally relevant epi- 

emiological data, the nature and extent of radiological findings, 

moking status, and the duration from symptom onset at the time 

f testing. 
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